In Drosophila embryos, germ cell formation is induced by specialized cytoplasm at the posterior of the egg, the pole plasm. Pole plasm contains polar granules, organelles in which maternally produced molecules required for germ cell formation are assembled. An untranslatable RNA, called Polar granule component (Pgc) , was identified and found to be localized in polar granules. Most pole cells in embryos produced by transgenic females expressing antisense Pgc RNA failed to complete migration and to populate the embryonic gonads, and females that developed from these embryos often had agametic ovaries. These results support an essential role for Pgc RNA in germline development.
Early cell fate specification is regulated in many animal embryos by cytoplasmic determinants that are localized asymmetrically during oogenesis. In Drosophila, molecules required for abdomen formation and germline establishment are localized in the posterior cytoplasm (pole plasm) of the oocyte and cleavage-stage embryo. Pole plasm contains sufficient factors required to initiate germ cell and abdomen formation (1) . Within the pole plasm are specialized organelles called polar granules, which are composed of RNAs and proteins (2) ; similar organelles are present in germ cells throughout most of the Drosophila life cycle and in the germ plasm of many other animal embryos, suggesting that they have an essential role in germline formation (3).
Genetic screens have identified several maternally acting Drosophila genes with functions that are required for the formation of both abdomen and pole cells (4) . Three of these genes, oskar (osk), vasa (vas), and tudor (tud), are central to pole plasm assembly. Mislocalization of high concentrations of osk RNA to the anterior pole induces functional pole plasm at the anterior (5) . The activities of vas and tud are both required downstream of osk for ectopic pole cell formation, and OSK, VAS, and TUD proteins are all components of polar granules (6, 7) . Polar granule assembly is completed later with the localization of numerous other RNAs and proteins to the posterior cytoplasm. In contrast to osk, vas, and tud, which are essential both for abdomen formation and for pole cell formation, the RNAs localized later are only required for some aspects of pole plasm function. For example, nanos (nos) RNA localized in pole plasm is required for abdomen formation and for correct pole cell migration into the embryonic gonads, but not for pole cell formation per se (8) . Two other late-localizing RNAs, mitochondrial large ribosomal RNA (mtlrRNA) and germ cell-less (gcl), are involved specifically in pole cell formation (9, 10). However, because neither gcl nor mtlrRNA alone can induce pole cells at ectopic sites (10, 11) , it is likely that unidentified additional pole plasm components operate cooperatively with gcl and mtlrRNA in pole cell formation.
To identify such molecules, we used mRNA differential display to screen for RNA species that are present in wild-type embryos but absent or rare in mutant embryos that fail to form pole cells (12) . From this screening process, we isolated a cDNA whose transcript is localized in polar granules and we named the gene Polar granule component (Pgc) . Pgc RNA is first detectable in germarium region 2B of ovaries when it is localized in the oocyte, and it continues to be concentrated at the posterior of the oocyte until stage 7 (Fig. 1A) . In stage 8, the RNA no longer accumulates in the posterior of the oocyte but instead accumulates at the anterior of the oocyte close to the oocyte-nurse cell border (Fig.  1B) . Through stages 9 and 10 the RNA spreads posteriorly along the oocyte cortex (Fig. 1C) , and a posterior concentration becomes detectable at stage 11 (Fig. 1D) . In cleavage embryos, Pgc RNA is highly concentrated in pole plasm (Fig. 1E) . Later, Pgc RNA is incorporated into pole cells, and the small amount of unlocalized Pgc RNA is rapidly degraded from the somatic region of the embryo (Fig. 1F) . Pgc RNA remains detectable in pole cells until stage 10 of embryogenesis, when they pass through the posterior midgut primordium (Fig. 1G) . Ultrastructural analysis revealed that Pgc RNA is localized in polar granules, both in In situ hybridization examined at the electron microscopic level reveals that Pgc RNA is localized in polar granules in (I) the pole plasm of cleavage embryos and (J) the pole cells at the syncytial blastoderm stage. The embryo in (I) was embedded, thin-sectioned, and hybridized with a double-stranded DIG-labeled Pgc DNA probe after sectioning (23) ; the embryo in (J) was hybridized before embedding. In both cases the Pgc probe hybridized over the entire polar granule. Bar, 200 nm; M, mitochondrion; pg, polar granule.
the pole plasm and in the pole cells of syncytial blastoderm embryos (Fig. 1, I and J). Within the polar granules the distribution of Pgc RNA differs from that of mtlr-RNA. mtlrRNA is concentrated on the surface of polar granules, frequently at the boundaries between polar granules and mitochondria of early-cleavage embryos; after pole cell formation, mtlrRNA signal is undetectable on polar granules (13). In contrast, a Pgc probe hybridized throughout the entire polar granule, and signals were detected even on polar granules in pole cells.
We cloned more than 30 Pgc cDNAs (14) that hybridize to a major transcript of 0.7 kb and a minor transcript of 1.3 kb; the expression level of the larger transcript was less than 1% of that of the smaller. Pgc is expressed only in female germ cells. Both transcripts were detected in RNA prepared from fertile adult females, ovaries, and early-stage embryos; however, the transcripts were undetectable in RNA prepared from late-stage embryos, larvae, and pupae and from adult males and sterile females from osk 301 /osk 301 mothers, which produce embryos that fail to form pole cells at 25°C (15). Sequence analysis of the cDNAs and corresponding genomic DNA indicates that both transcripts are derived from the same (24); 6.9 ϫ 10 Ϫ43 with a partial human cDNA clone (GenBank accession number H78978)] is transcribed from the opposite strand of sequences overlapping the Pgc intron and a portion of the exon specific to the 1.3-kb Pgc transcript (striped box). T3dh is transcribed in 12-to 24-hour embryos and larvae. (B) Nucleotide sequence of the 0.7-kb cDNA of Pgc (sequences corresponding to both the smaller and larger transcripts have been deposited in GenBank under accession numbers U66409 and U66410, respectively). A putative polyadenylation signal [AATATA, frequently used in Drosophila genes that are expressed in ovaries (25) ] is indicated by double underlining. (C) Alignment of the potential translational start site for the longest ORF in the 0.7-kb Pgc transcript with a consensus sequence derived from actual translational start sites (17 ). Frequency refers to the percentage of actual start sites, as given in (17 ), that have the same nucleotide as does the Pgc sequence in the listed position. Rank refers to how frequent a particular nucleotide found in Pgc is in actual start sites; a value of 1 means the most common, a value of 4 means the least common. (D) Codon usage table for a 46 -amino acid (AA) ORF (nucleotides 117 to 254) whose AUG codon is in a favorable context for translation. For all amino acids encoded by more than one codon and present in the ORF, the expected percentage (%) in Drosophila ORFs, as computed from published tables (26) , is compared with the actual distribution of codons (#) in the Pgc ORF. Although some amino acids (notably Ser, Asp, Glu, and Cys) are encoded favorably, many others (such as Arg, Phe, Ala, Pro, Thr, and Gly) diverge substantially from Drosophila codon usage. The longest ORF in the minor 1.3-kb Pgc transcript extends for 92 codons; this ORF largely overlaps the T3dh coding sequence on the opposite strand and also has poor Drosophila codon usage. (Fig. 2A) . Pgc maps to a gene-rich area of chromosome region 58D, with the 3Ј end of the g p150 gene (16) less than 1 kb proximal to the 5Ј end of Pgc. A putative type III alcohol dehydrogenase gene (T3dh), transcribed from the opposite strand, is nested in the Pgc intron and overlaps a portion of the exon specific to the minor 1.3-kb Pgc transcript ( Fig. 2A) . For the following reasons we conclude that Pgc encodes an untranslatable RNA. In the major 0.7-kb transcript, the longest open reading frame (ORF) (nucleotides 480 to 692; Fig. 2B ) would encode a polypeptide of 71 amino acids, but its AUG codon is in an extremely poor context for translation initiation (17) (Fig. 2C) . A shorter 46-codon ORF (nucleotides 117 to 254) begins with an AUG in a good translation initiation context, but it has poor Drosophila codon usage (Fig. 2D) . No highly homologous [probability of a chance match, P(N), Ͻ 10 Ϫ4 ] sequences were obtained in BLAST searches of the nonredundant nucleic acid sequence database when any ORFs or the nucleotide sequences of either Pgc transcript were analyzed.
We examined embryos produced by mothers homozygous for various posteriorgroup mutations to determine the effects of such mutations on Pgc RNA localization. Embryos from osk, vas, and tud homozygous females failed to localize Pgc RNA in pole plasm (Fig. 3 , A to C), and Pgc RNA is undetectable at the cellular blastoderm stage in these embryos. In contrast, nos embryos localized Pgc RNA normally and incorporated it into pole cells (Fig. 3D) . Ectopic Pgc RNA localization to the anterior was observed (Fig. 3E ) in embryos from females carrying the osk-bcd3ЈUTR transgene (5) . In embryos from either Bicaudal-C or Bicaudal-D females, Pgc RNA was mislocalized to the anterior in a diffuse manner (Fig. 3, F and G) , as has been reported for other pole plasm RNAs (4) .
To produce flies with reduced Pgc function, we made transgenic lines carrying a hybrid gene in which antisense Pgc is expressed under the control of the hsp70 promoter (18). To eliminate nonspecific deleterious effects on subsequent embryonic development, which we observed when even wild-type flies were heat shocked during mid-to-late oogenesis, in subsequent experiments we analyzed the effect of antisense Pgc expression on pole cell development by comparing embryos from females carrying two copies of the hsp70-AS-Pgc transgene (2ϫAS-Pgc embryos) cultured at constant temperature (25°C) without heat shocking. As judged by in situ hybridization with a strand-specific Pgc probe, the amount of localized Pgc RNA was greatly reduced in 2ϫAS-Pgc embryos (Fig. 4, A and B) . Although Pgc is expressed in female germ cells throughout oogenesis, we did not observe any defect in oogenesis in females expressing antisense Pgc.
We analyzed the spatial distributions of several RNAs and proteins that are localized in pole plasm in 2ϫAS-Pgc embryos. The posterior concentration of all pole plasm components analyzed appeared to be essentially normal in these embryos at the cleavage stage (Fig. 4, C and D) ; however, in postblastodermal development, localized nos, gcl, and VAS signals were reduced in intensity (Fig. 4, E to K) . Furthermore, we observed defects in pole cell migration in the 2ϫAS-Pgc embryos. In wild-type embryos, an average of 28 pole cells complete migration and associate with mesodermal tissue during stage 14 to form the two embryonic gonads (6) (Fig. 4, I , K, and M). In 2ϫAS-Pgc embryos, the ability of pole cells to complete migration and colonize the gonad is dramatically impaired (Fig. 4 , J, L, and N). Three of four 2ϫAS-Pgc lines, with substantially reduced Pgc RNA concentrations, showed a slight reduction from 34 to between 25 and 27 in the number of VASpositive migrating pole cells at stage 12 (Table 1) . In subsequent development, many pole cells died or failed to migrate into the embryonic gonads; at stage 14 the median pole cell number was four to five N) . In 2ϫAS-Pgc embryos few or no anti-VAS-stained pole cells were incorporated into the embryonic gonads (arrow points to gonads lacking pole cells). We frequently found clusters of pole cells outside of embryonic gonads in 2ϫAS-Pgc embryos (29) . All 2ϫAS-Pgc embryos shown were embryos from females homozygous for the AS55 AS-Pgc insertion mated with w Ϫ males. The AS26 and AS58 AS-Pgc lines gave similar results, but the AS19 AS-Pgc line showed no significant effects on germ cell migration or maintenance of pole plasm components. This transgene induced only a slight decrease in ovarian Pgc RNA concentrations and had essentially no effect on subsequent fertility (Table 1) .
per gonad in the three 2ϫAS-Pgc lines (Table 1). To confirm these effects on adult fertility, we examined the gonads of adult females that developed from 2ϫAS-Pgc embryos. Most embryos from these lines hatched and completed development, but, consistent with the failure of pole cells to colonize the embryonic gonads, up to 53% of adult ovaries were agametic (Table 1) . These defects in germ cell proliferation correlate with a specific decrease in the amount of Pgc RNA (Table 1) .
Our results suggest that the untranslatable Pgc RNA has an essential role in the differentiation of pole cells into functional, proliferative germ cells. In contrast to gcl, which is thought to be primarily required for pole cell formation (9, 11), reduction of the Pgc RNA concentration has only a modest effect on initial pole cell formation. However, between stages 12 and 14, pole cells in 2ϫAS-Pgc embryos are severely compromised in their ability to migrate into the gonads and develop into functional germline stem cells. We believe that the effects we observed of antisense Pgc expression on germ cell establishment result from a specific interference with endogenous Pgc function for the following reasons: bicoid and osk RNAs were normally localized in cleavage embryos from all of the hsp70-AS-Pgc lines (19) , and 2ϫAS-Pgc eggs hatched at high efficiency and developed into viable morphologically normal adults (Table 1) . We hypothesize that reduction of the Pgc RNA concentration in the antisense lines leads to reduced stability of polar granules after their initial formation because Pgc RNA is an integral component of polar granules and the concentrations of various pole plasm components are reduced in postblastodermal pole cells of 2ϫAS-Pgc embryos. No abdominal defects were observed in 2ϫAS-Pgc embryos; however, because our results are based on a reduction of localized Pgc RNA concentrations, we cannot exclude a role for Pgc in abdominal specification. Null mutations may reveal additional functions for Pgc.
In both Drosophila and Xenopus, germ plasm can induce germ cell fate (1, 20) . In addition, specific components of germ plasm appear to be conserved between these two evolutionary diverse animals (8, 21) . A group of untranslatable RNAs, called Xlsirts, are localized in Xenopus germ plasm and are required for anchoring of Vg1 RNA to the vegetal cortex of the oocyte (22) . Although the exact role, if any, of Xlsirts in germ cell establishment is unclear, our results suggest that, like the Xlsirts, Pgc RNA functions in the maintenance of germ plasm integrity. Further analysis of the composition and role of Drosophila polar granules will be of relevance to understanding the molecular basis of germ cell determination in both invertebrates and vertebrates. Jan, Y. N. Jan, Genes Dev. 8, 2123 (1994) . 12. For the mutant group we used embryos from tud WC / tud WC females (tud embryos) because many of these embryos develop without extensive abdominal defects [R. E. Boswell and A. P. Mahowald, Cell 43, 97 (1985) ]. Total RNA was isolated from 0-to 24-hour embryos from tud WC /tud WC and tud WC /CyO mothers as described [P. Chomczynski and N. Sacchi, Anal. Biochem. 162, 156 (1987) ] and used as templates for a mRNA differential display screen [P. Liang and A. B. Pardee, Science 257, 967 (1992) ]. After electrophoresis on 5% sequence gels, the gels were dried and processed by autoradiography. The bands of interest were cut from the gels, re-amplified with the same sets of primers as before, and cloned into pBluescript. The cDNAs were amplified by polymerase chain reaction (PCR) directly from Escherichia coli transformants with sets of primers corresponding to the T 7 and T3 promoters (5Ј-CGTAAT-ACGACTCACTATAGG-3Ј, and 5Ј-GCAAT TAACC-CTCACTAAAGG-3Ј, respectively). The spatial distributions of transcripts that were undetectable or substantially decreased in tud embryos were then analyzed in wild-type embryos by whole-mount in situ hybridization, essentially as described [D. Tautz and C. Pfeifle, Chromosoma 98, 81 (1989) ]. Digoxigenin (DIG)-labeled RNA probes were synthesized with T 7 or T3 RNA polymerases in the presence of DIGlabeled uridine triphosphate (UTP) (BoehringerMannheim) and with PCR-amplified cDNA fragments as the templates. 13. S. Kobayashi, R. Amikura, M. Okada, Science 260, 1521 Science 260, (1993 ; R. Amikura, S. Kobayashi, H. Saito, M. Okada, Dev. Growth Differ. 38, 489 (1996) . 14. With the use of the partial cDNA fragment from the differential-display screen as a probe, clones were obtained from a 0-to 4-hour embryonic cDNA library [N. H. Brown and F. C. Kafatos, J. Mol. Biol. 203, 425 (1988) ]. 15. R. Lehmann and C. Nü sslein-Volhard, Cell 47, 141 (1986) ; A. Nakamura and P. F. Lasko, unpublished results. 16. S.-S. Tian and K. Zinn, J. Biol. Chem. 269, 28478 (1994) . 17. D. R. Cavener and B. A. Cavener, in An Atlas of Drosophila Genes, G. Maroni, Ed. (Oxford Univ. Press, Oxford, 1993), pp. 359 -377. 18 . Pgc cDNA corresponding to base pairs 91 to 722 of the 0.7-kb sequence shown in Fig. 2B was amplified by PCR with primers 5Ј-GCT T TGAACTACAAGAA-GACCCG-3Ј and 5Ј-GAACGAT TGCGAATCGAA-AATATAT T TC-3Ј. The amplified fragment, which contains no T3dh coding sequences, was cloned into the Sma I site of pBluescript KS. A subclone in which the 5Ј-end of Pgc is adjacent to the Xba I site For many years the prion diseases, also called transmissible spongiform encephalopathies, were thought to be caused by slowacting viruses (1), but it is now clear that prions are not viruses and that they are devoid of nucleic acid (2, 3) . Prions seem to be composed only of PrP Sc molecules, which are abnormal conformers of a normal, hostencoded protein designated PrP C (3, 4) . PrP C has a high ␣-helical content and is virtually devoid of ␤-sheets, whereas PrP Sc has a high ␤-sheet content (4, 5) ; thus, the conversion of PrP C into PrP Sc involves a profound conformational change. Formation of PrP Sc is a posttranslational process that does not appear to involve a covalent modification of the protein (6) .
The prion diseases are unique in that they may present as inherited and infectious disorders (3, 7). More than 20 different mutations of the human (Hu) PrP gene segregate with dominantly inherited disease; five of these have been genetically linked to familial Creutzfeldt-Jakob disease (fCJD), Gerstmann-Sträussler-Scheinker disease, and fatal familial insomnia (FFI) (8) . The most common prion diseases of animals are scrapie of sheep and bovine spongiform encephalopathy; the latter may have been transmitted to people through foods (9).
To extend studies on the transmission of wild-type and mutant prions from sporadic Creutzfeldt-Jakob disease (sCJD) and fCJD patients, respectively, to transgenic mice expressing a chimeric mouse-human PrP gene [Tg(MHu2M) mice] (10, 11), we inoculated these mice with mutant prions from the brains of patients who died of FFI. Transmission of human prions to Tg(MHu2M) mice involves the conversion of chimeric MHu2M PrP C into MHu2M PrP Sc through a process that is thought to involve the binding of PrP Sc to PrP C as PrP C undergoes a structural transition (12, 13) . A point mutation of the PrP gene at codon 178 [in which an Asp residue at position 178 is mutated to Asn (D178N)] is the cause of FFI, but a Met residue must be encoded at position 129 on the mutant allele for the FFI phenotype to be manifest (14). The same D178N mutation segregates with a subtype of fCJD, but in this case, Val is encoded on the mutant allele at position 129. The D178N mutation is thought to destabilize the structure of PrP Tg(MHu2M)Prnp 0/0 mice (17) were inoculated intracerebrally with extracts prepared from brain tissue obtained after the death of individuals who died of FFI, fCJD(E200K) (with a mutation in which Glu at position 200 has mutated to Lys), or sCJD. The mice developed signs of experimental prion disease about 200 days after inoculation (Table 1) . At the time of writing, inoculation of Tg(MHu2M)Prnp 0/0 mice has resulted in primary passage of prions from at least one brain region from
